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The d iscovery  of d i s c r e t e  sources  of x-rays’ i n  t h e  
sky has  l e d  t o  much specu la t ion  as t o  t h e  mechanisms 
r e spons ib l e  f o r  t h e  x-ray emission . Among t h e s e  2-6 
sugges t ions  has  been t h e  thermal  emission of x-rays from 
t h e  h o t  s u r f a c e s  of neutron s t a r  remnants of supernova 
 explosion^^'^. Ca lcu la t ions  of t h e  cool ing  of such a 
neutron s tar  fol lowing i t s  formation have seemed t o  
i n d i c a t e  t h a t  t h e  temperature would s t i l l  be s e v e r a l  
m i l l i o n  degrees  a t  an  age of s e v e r a l  thousand yea r s .  
Such cool ing  c a l c u l a t i o n s  have been based upon estimates 
of photon emission from the  s u r f a c e  and of neut r ino-  
a n t i n e u t r i n o  p a i r  emission by t h e  plasma process  from 
t h e  i n t e r i o r .  There have r e c e n t l y  been new sugges t ions  
regard ing  o t h e r  p o s s i b l e  mechanisms of n e u t r i n o  emission 
from t h e  i n t e r i o r  and t h i s  has  l e d  t o  t h e  impression 
t h a t  neutron stars might cool t o o  r a p i d l y  t o  be observa- 
7 
5 , a  ble  as ce les t ia l  x-ray o b j e c t s  . W e  b e l i e v e  t h i s  view 
t o  be ove r ly  p e s s i m i s t i c ,  and w e  g i v e  h e r e  a b r i e f  summary 
of some of our coo l ing  c a l c u l a t i o n s  f o r  neutron stars. 
The  neut ron  s tar  models w e  have used i n  our c a l c u l a t i o n s  
have been based upon composite equat ions  of s ta te  wi th  
nuc lear  f o r c e s  inc luded .  The d e t a i l s  of t h e  c o n s t r u c t i o n  
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3 
of t h e  equat ions of s t a t e  have been desc r ibed  i n  a t h e s i s  , 
and w i l l  be publ ished i n  due course .  A t  t h e  lowest  
d e n s i t i e s ,  b u t  s t i l l  a t  s u b s t a n t i a l l y  high tempera tures ,  
the  composition w a s  assumed t o  be i r o n .  A s  t h e  d e n s i t y  
i n c r e a s e s ,  the  main c o n t r i b u t i o n  t o  t h e  p r e s s u r e  comes 
from the  degenerate  e l e c t r o n s ,  and t h e  mean molecular 
weight  per e l e c t r o n  g radua l ly  i n c r e a s e s  as the  h igh  Fe rmi  
l e v e l  of t h e  e l e c t r o n s  f o r c e s  t h e  nuc lear  composition of 
t h e  ma te r i a l  t o  change toward h ighe r  mass number. A t  
d e n s i t i e s  between 10l1 and 10 
gradual ly  d i s s o l v e  i n t o  neut rons .  The  system then  
c o n s i s t s  of degenera te  neut rons ,  p ro tons  and e l e c t r o n s .  
N e a r  and above 10 gm/cm , many o t h e r  p a r t i c l e s  appear 
i n  t h e  mixture ,  commencing w i t h  the  meson 
and t h e  C- hyperon. I n  c o n s t r u c t i n g  our equa t ions  of 
s t a t e ,  t h e  degeneracy p r e s s u r e s  of a l l  the i n d i v i d u a l  
fermions w e r e  added, and nuc lear  f o r c e  t e r m s  w e r e  a l s o  
included . 
14 gm/cm3 the heavy n u c l e i  
15 3 
Nuclear f o r c e s  are g e n e r a l l y  a t t r a c t i v e  a t  l a r g e  
in te rnuc leon  d i s t a n c e s  and r e p u l s i v e  a t  sma l l  i n t e rnuc leon  
d i s t ances .  I n  t h i s  work w e  chose forms of  t h e  p o t e n t i a l  
i n t e r a c t i o n s  between neut rons  sugges ted  by Levinger and 
.. 
, 
* .  
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9 Simmons . Their  p o t e n t i a l s  V and V w e r e  u t i l i z e d .  
Both of t h e s e  p o t e n t i a l s  a r e  a t t r a c t i v e  a t  low d e n s i t i e s ,  
a l though V i s  somewhat more a t t r a c t i v e , V  . A t  h igh  
Y / 8  
d e n s i t i e s  V r a p i d l y  t u r n s  r e p u l s i v e ,  wh i l e  V only 
s lowly t u r n s  r e p u l s i v e .  For our neutron s tar  equat ions  
P Y 
1 ;), ' L 
Y 13 
of s t a t e ,  w e  have a p p l i e d  t h e s e  p o t e n t i a l s  between t h e  
baryons wi thout  d i s t i n c t i o n  as t o  t h e  type  of baryon. 
A t  d e n s i t i e s  less than o r  equal  t o  nuc lear  d e n s i t i e s ,  
t h e  c h a r a c t e r  of nuc lear  fo rces  is reasonably w e l l  known 
and is  g iven  t o  a rough approximation by e i t h e r  of t hese  
p o t e n t i a l s ,  and t h e  composition of t h e  matter i s  mostly 
neut rons ,  f o r  which t h e  p o t e n t i a l s  w e r e  o r i g i n a l l y  
cons t ruc t ed .  A t  much g r e a t e r  than  o rd ina ry  nuc lear  
d e n s i t i e s  many d i f f e r e n t  types of baryon are p r e s e n t ,  
and t h e  r a p i d i t y  wi th  which nuc lea r  f o r c e s  t u r n  r e p u l s i v e  
is  very  s p e c u l a t i v e .  Hence t h e  two p o t e n t i a l s  V and 
V tend t o  span a range of p o s s i b l e  behavior  of t h e  
nuc lea r  f o r c e s  a t  h igh  d e n s i t i e s ,  and t h e  d i f f e r e n c e s  
0 
Y 
i n  t h e  neutron star models which r e s u l t  from the adopt ion 
of one o r  t h e  o t h e r  p o t e n t i a l  w i l l  g i v e  an  i n d i c a t i o n  of 
t h e  u n c e r t a i n t y  due t o  lac l (of  knowledge i n  t h i s  area of 
phys ics .  
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I n  t h e  case of a p e r f e c t  f l u i d  there i s  a g e n e r a l  
r e l a t i v i s t i c  l i m i t a t i o n  on t h e  p re s su re  such t h a t  it 
cannot  exceed one-third of t h e  proper energy d e n s i t y  . 
I n  a f l u i d  wi th  s u i t a b l e  a n i s o t r o p i c  p r o p e r t i e s ,  t h i s  
condi t ion  may be v i o l a t e d ,  b u t  t h e  u l t i m a t e  r e l a t i v i s t i c  
condi t ion  s t i l l  remains t h a t  t h e  p re s su re  cannot exceed 
t h e  proper energy density’’. I f  t h i s  w e r e  t o  be v i o l a t e d  
t h e  speed of sound would exceed t h e  speed of l i g h t  i n  the 
medium. Accordingly, t h e  composite equat ion  of  s ta te  
cons t ruc ted  as descr ibed  above w a s  c u t  o f f  wi th  one of 
t h e s e  two p res su re  s a t u r a t i o n  condi t ions .  
10 
The gene ra l  r e l a t i v i s t i c  equat ions  of  h y d r o s t a t i c  
equi l ibr ium w e r e  der ived  by Oppenheimer and Volkoff . 
For a given assumption about c e n t r a l  d e n s i t y ,  t h e  numerical  
i n t e g r a t i o n  of t h e  d i f f e r e n t i a l  equat ions  of h y d r o s t a t i c  
equi l ibr ium g ives  models wi th  uniquely determined masses. 
The g r a v i t a t i o n a l  and proper masses determined i n  t h i s  
way as a func t ion  of c e n t r a l  d e n s i t y  for  t h e  t w o  composite 
equations of s ta te  are shown i n  F igu re  1. Seve ra l  
i n t e r e s t i n g  comments fol low from t h i s  f i g u r e .  I t  is 
evident  t h a t  t h e  d e t a i l s  of t h e  s t r u c t u r e  of t h e  neutron 
s ta r  models are very  s e n s i t i v e  t o  the u n c e r t a i n t i e s  i n  
12 
L 
, '  
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t h e  rate a t  which nuclear  r epu l s ive  f o r c e s  e n t e r  i n  t h e  
baryon mixture a t  high d e n s i t i e s .  For each equat ion of 
s t a t e  t h e  mass rises wi th  inc reas ing  cent ra l  d e n s i t y  
toward a p r i n c i p a l  peak, beyond which it f a l l s  and then 
o s c i l l a t e s .  I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  g r a v i t a -  
t i o n a l  mass i s  less than t h e  proper mass over t h e  e n t i r e  
range o f . n e u t r o n  s tar  models, thus  showing t h a t  such 
models are g r a v i t a t i o n a l l y  bound. This is con t r a ry  t o  
the  behavior of models constructed with non- in te rac t ing  
neutron gases .  An expanded d i scuss ion  of t h e  s t a b i l i t y  
of t h e  models beyond the  main peak w i l l  be  given 
s e p a r a t e l y  l3'I4. I t  may a l s o  be noted t h a t  p re s su re  
s a t u r a t i o n  does no t  s e t  i n  u n t i l  t h e  v i c i n i t y  of t h e  
p r i n c i p a l  peak has  been reached. Hence u n c e r t a i n t i e s  
i n  t h e  p re s su re  s a t u r a t i o n  e f f e c t s  play no s i g n i f i c a n t  
r o l e  i n  t h e  d i scuss ion  which follows. 
x 
I n  order  t o  c a l c u l a t e  r e p r e s e n t a t i v e  cool ing  c u r v e s  
f o r  neutron s t a r  models, t h ree  models w e r e  chosen so 
t h a t  one w a s  of l o w  mass a t  t h e  l o w  dens i ty  base  of t h e  
p r i n c i p a l  peak, one was halfway up t h e  peak, and t h e  
o the r  w a s  near  t h e  t o p  of t h e  peak. To t h e s e  models 
were f i t t e d  h o t  atmospheres corresponding t o  a series 
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of s u r f a c e  temperatures .  These atmospheres w e r e  composed 
of bo th  i r o n  and magnesium; t h e  r e s u l t s  w e r e  nea r ly  t h e  
same and only t h e  neutron stars wi th  i r o n  envelopes are 
d iscussed  he re .  I t  was t y p i c a l l y  found t h a t  t h e  temperature  
r o s e  by about  a f a c t o r  50 between t h e  photosphere of t h e  
neutron s tar  and t h e  i n t e r i o r  where the  h igh  thermal  
conduc t iv i ty  of t h e  e l e c t r o n s  a s su red  a f l a t  temperature  
d i s t r i b u t i o n .  The atmospheres w e r e  cons t ruc t ed  w i t h  t h e  
h e l p  of o p a c i t i e s  c a l c u l a t e d  from t h e  L o s  Alamos opac i ty  
code of A.N. Cox and h i s  c o l l a b o r a t o r s .  The atmospheric  
s t r u c t u r e  was determined by r e q u i r i n g  t h a t  t h e  luminosi ty  
should not change from one l a y e r  t o  t h e  nex t .  
The h e a t  capac i ty  of t h e  neutron s ta r  models i s  a 
15 func t ion  of t h e i r  temperature  . The presence  of 
nuc lear  f o r c e s  i n  t h e  equat ion  of s t a t e  w i l l  modify t h e  
h e a t  capac i ty  by an amount which t y p i c a l l y  can be of t h e  
o rde r  of a f a c t o r  2, according t o  rough estimates which 
w e  have made. W e  d i d  n o t  t ake  such mod i f i ca t ions  i n t o  
account i n  making t h e  a c t u a l  coo l ing  c a l c u l a t i o n s .  
The cool ing  of t h e  neutron stars i s  due t o  t h e  
combination of n e u t r i n o  emission from t h e  i n t e r i o r  
and photon emission from t h e  s u r f a c e .  The c o n s t r u c t i o n  
.. 
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of t h e  envelope au tomat ica l ly  provided us  wi th  t h e  
photon cool ing  rates. Three n e u t r i n o  cool ing  rates 
w e r e  t aken  i n t o  account ,  a s  follows: 
(1) Neutr ino p a i r  emission from t h e  plasma process .  
These neu t r inos  arise from t h e  decay of plasmons i n  t h e  
degenera te  e l e c t r o n  gas  i n  t h e  i n t e r i o r  of t h e  neutron 
star.  The rates have been g iven  by Adams, Ruderman, 
and Woo and by Inman and Ruderman . 16 
( 2 )  The URCA process .  Bahca l l  and Wolf have 
r e c e n t l y  g iven  an estimate of n e u t r i n o  emission from 
t h i s  process  , i n  which neutrons decay i n t o  pro tons  a 
and pro tons  c a p t u r e  e l e c t r o n s .  The rate is somewhat 
g r e a t e r  than  t h a t  of t h e  plasma process .  
( 3 )  The n e u t r i n o  bremsstrahlung process .  The 
n e u t r i n o  p a i r s  are emit ted when e l e c t r o n s  scatter from 
p o s i t i v e  o r  nega t ive  baryons i n  t h e  i n t e r i o r  of t h e  
neutron s ta r .  Ruderman and F e s t a  have k ind ly  provided 
us  wi th  t h e  fol lowing approximate pre l iminary  express ion  
f o r  t h i s  process  : 
17 
2 
f o r  E >> m c  F 
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where 2 is  t h e  e f f e c t i v e  charge of t h e  e l e c t r o n  
s c a t t e r i n g  centers, n i s  t h e  number d e n s i t y  of such 
c e n t e r s ,  and n w e  t a k e  h e r e  t o  be t h e  baryon number 
z 
dens i ty .  Ruderman and F e s t a  have suggested t h a t  t h e r e  
may be proton c l u s t e r i n g  i n  neutron s ta r  i n t e r i o r s  i n  
t h e  presence of very l a r g e  numbers of neut rons ,  so t h a t  
t h e  e f f e c t i v e  charge of s c a t t e r i n g  c e n t e r  might be 2 .  
However, it may w e l l  be t h a t  under c o n d i t i o n s  of interest  
i n  t h e  i n t e r i o r s  of neutron stars t h e r e  w i l l  a l s o  be 
l a r g e  number of C- hyperons,  which may h inde r  t h e  
c l u s t e r i n g  process .  Consequently, w e  have chosen t o  
t a k e  the  e f f e c t i v e  charge of a s c a t t e r i n g  c e n t e r  equal  
t o  un i ty  and t o  count  as t h e  s c a t t e r i n g  c e n t e r s  bo th  
t h e  protons and t h e  C- hyperons. This  process  i s  less 
important  than t h e  URCA process  a t  h igh  tempera tures ,  
b u t  it is more impor tan t  a t  low temperatures .  
The cool ing  curves  f o r  t h e  s i x  chosen neut ron  s t a r  
/ 
models a s  a func t ion  of age are shown i n  F igure  2. ‘ I t  
may be seen t h a t  t h e  rate of coo l ing  has  a s i g n i f i c a n t  
dependence on t h e  mass of t h e  star.  The l o w  mass stars 
c o o l  q u i t e  r a p i d l y ,  b u t  t h e  medium and heavy mass stars 
s t i l l  have temperatures  exceeding 2x10 K f o r  times of 6 0  
A 
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4 5 t h e  order  of 10 o r  10 years. Hence it i s  ev iden t  
t h a t  thermal emission of x-rays from neutron star 
s u r f a c e s  should cont inue  t o  be regarded as candida tes  
f o r  i d e n t i f i c a t i o n  wi th  some of t h e  x-ray sources  which 
a r e  being found i n  t h e  sky. 
--- -- 
Bahcal l  and Wolf have raised t h e  ques t ion  of n e u t r i n o  
cool ing  from pion decays i n  neutron s ta r  i n t e r i o r s .  Such 
pion decays can occur only i f  p ions  should have a small 
e f f e c t i v e  mass i n  t h e  presence of a l a r g e l y  neutron gas .  
Both Bahcal l  and Ruderman have i n d i c a t e d  t o  us ( p r i v a t e  
communications) t h e i r  expec ta t ions  t h a t ,  under t h e  
cond i t ions  i n  which pions may be p r e s e n t  i n  a neutron 
s t a r ,  t h e r e  w i l l  be a predominantly r e p u l s i v e  i n t e r a c t i o n  
between t h e  p ions  and the neut rons .  This would raise 
r a t h e r  than lower t h e  e f f e c t i v e  mass of t h e  p ions ,  and 
make it very u n l i k e l y  t h a t  p ions  w i l l  be p r e s e n t  i n  the 
i n t e r i o r s  of neutron stars on t h e  l o w  d e n s i t y  s i d e  of 
t h e  p r i n c i p a l  peak. 
The remarkable NRL r o c k e t  experiment carried o u t  
du r ing  a lunar  o c c u l t a t i o n  of t h e  C r a b  Nebula has  shown 
t h a t  t h e  x-ray source  a s soc ia t ed  wi th  t h e  C r a b  Nebula 
h a s  dimensions very  much l a r g e r  t han  those  of a neutron 
- 10 - 
star .  One of us  has  suggested t h a t  t h e s e  x-rays may be 
due t o  t h e  synchrotron process  from high energy e l e c t r o n s  
a c c e l e r a t e d  i n  t h e  magnetosphere of  a v i b r a t i n g  neutron 
star . S i m i l a r  nonthermal processes  may w e l l  be 
a s soc ia t ed  with o t h e r  x-ray sources ,  i f  they  are neutron 
s t a r s ,  and hence nonthermal components t o  x-ray spectra 
may be common. Hence w e  b e l i e v e  t h a t  many more h igh ly  
r e f i n e d  experiments w i l l  be necessary  b e f o r e  t h e  t r u e  
n a t u r e  of t h e  ce les t ia l  x-ray sources  w i l l  be determined. 
6 
W e  are g r a t e f u l  t o  D r .  Ruderman and M r .  Festa f o r  
communicating t o  us  i n  advance of p u b l i c a t i o n  their  
pre l iminary  r e s u l t s  on n e u t r i n o  emission by t h e  
bremsstrahlung process .  
.’ 
c -  
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FIGURE CAPTIONS 
Figure 1: G r a v i t a t i o n a l  and proper masses of t h e  neutron 
s tar  models cons t ruc ted  wi th  both composite equat ions 
of s ta te  and p l o t t e d  as a func t ion  of c e n t r a l  dens i ty .  
The d i f f e r e n t  models r e s u l t i n g  from t h e  two p res su re  
s a t u r a t i o n  condi t ions  a t  t h e  h i g h e s t  d e n s i t i e s  are 
s e p a r a t e l y  ind ica t ed .  
Figure 2:  The cool ing  curves f o r  s e l e c t e d  neutron s t a r  
models f i t t e d  wi th  atmospheres of i r o n ,  with t h r e e  
models f o r  each composite equat ion  of state.  I n  t h e  
po r t ions  of t h e  curves t o  the  l e f t  of t h e  c ros ses  
cool ing  occurs predominantly by neu t r ino  emission 
from t h e  i n t e r i o r ;  t o  t he  r i g h t  of t h e  c ros ses  photon 







E 0 16 











c Gravitati ona I Mass 







I I  ' 
IO ' 
91 I I I I 
0 .o 0.5 I .o I .5 2 .o 2.5 
Mass ( M / M o )  
F i g .  1 
4 
I I I I 1 
J 
a 
n 
L 
u) 
0 
Q) 
)r 
Q) 
U 
E 
I- 
.- 
hl . 
bo 
.rl 
Lrc 
